Abstract. The purpose of this study was to examine acoustically the developmental characteristics of Korean stops. Stop productions were obtained from 30 Korean male and female children in two age ranges (5 and 10 years). Voice-Onset-Time (VOT) delay and fundamental frequency (f 0 ) at the onset of vowel were measured for sequences of word-initial stop followed by the vowel /a/. These were analysed as a function of age, sex, place of articulation and stop manner category. Measurements of f 0 were also made at the middle of the vowel /i/ in order to compare with vowel-onset f 0 . Results revealed that VOT values were not significantly different in terms of age, but did differ by sex in that boys produced significantly longer VOT lag than girls in the aspirated stop series. In addition, VOT varied by stop category and place of articulation. Vowel-onset f 0 differed between sexes as well as by stop manner category, but vowel-middle f 0 was not significantly different between sexes. As expected, both vowel-onset and vowel-middle f 0 were higher in 5 year-old children than in 10 year-old children. The results of this study indicate that, overall, differences which correlate with sex and age are more prominent for laryngeal tension distinctions than for temporal coordination gestures in Korean children, suggesting that sex and age differences in stop consonants during the pre-adolescent period should be examined across languages.
INTRODUCTION
Voice-Onset-Time (VOT) delay, the temporal interval associated with oral closure and the onset of voicing which takes place either during articulation of the stop itself or in the segment following release of the closure, is one of the primary acoustic cues distinguishing stop consonant phoneme series in adult languages (e.g., Lisker & Abramson, 1964; Cho & Ladefoged, 1999) . VOT values exhibit intrinsic variation according to place of articulation and vocalic environment as well. For example, velar place shows the longest VOT among the three primary (bilabial, alveolar, velar) places of articulation, and VOT is longer in a high vowel context than in a low vowel context (Smith, 1978a) . VOT also demonstrates extrinsic variation in that languages show different values for what are often phonemically represented as the same stops, e.g., (short-lag, unaspirated) voiceless stops in Spanish versus (long-lag, aspirated) voiceless stops in English (Iverson, 2006) . In short, VOT differences arise from inherent, language-universal considerations as well as from learned, language-specific properties (Smith, 1978b) .
In addition to adult speech, VOT has been measured for infants in English and other languages in order to examine the development of speech motor control (e.g., Clumeck, Barton, Macken, & Huntington, 1981; Eilers, Oller, & Benito-Garcia, 1984) . In Macken and Barton's study, English-learning infants initially do not distinguish laryngeal contrasts, but start to differentiate the stop types by producing longer VOT lag for voiceless (aspirated) consonants at around 2 years of age or less (cf. Kager et al., 2007 for a recent comparative review). Moreover, a recent examination by Whiteside & Marshall (2001) of stop consonants in English-speaking children found that VOT values differ according to sex during the preadolescent period. Variation by sex in child speech had previously been identified in vowels (e.g., Bennett, 1981; Busby & Plant, 1996; Lee, Potanianos, & Narayanan 1999; Whiteside & Hodgson, 2000; Perry, Ohde, & Ashmead, 2001 ), but sex differences in consonant productions during the pre-adolescent period are less well established, particularly for languages other than English. To date, studies of VOT production by children who speak other languages have focused on comparison with bilingual children (e.g., Khattab, 2000; Johnson & Wilson, 2002; Burns, Yoshida, Hill, & Werker, 2007; Kehoe, Lleo, & Rakow, 2004) . But as Pierrehumbert (1980) and Keating (1985) have shown, language-specific phonetic rules appear to be part of the grammar of each language; hence, the investigation of VOT acquisition in children with a first language other than English can contribute to a better understanding of cross-linguistic developmental patterns.
Korean is the focus of the present study because, unlike other languages with a three-way laryngeal contrast (e.g., Thai), the typologically unusual Korean stops are all voiceless in utterance-initial position, and are reinforced by multiple cues in addition to VOT (cf. especially Cho, Jun, & Ladefoged, 2002) . The three-way contrasting stops in Korean are often called lenis, fortis, and aspirated. A recent study of adult productions of these (Silva, 2006) found that VOT differences between the lax and aspirated stops have decreased significantly, so much so that, among young adult Seoul Korean speakers, the phonemic distinction between the lax and aspirated series seems to be conveyed now by differences in fundamental frequency (f 0 ) in the following vowel (hereafter, vowelonset f 0 ). Silva's findings conflict with the traditional view that VOT is a key property marking the three-way contrast in Korean (e.g., Kim, 1970; Cho et al., 2002) , and so bear further scrutiny (Park, 2007) . It is not known, moreover, whether vowel-onset f 0 plays a determining role in Korean also for children.
The current study, accordingly, examines VOT and vowel-onset f 0 of stop consonants among Korean children as functions of age and sex. The results of this investigation can be expected to lay groundwork for establishing normative data on VOT and vowel-onset f 0 values for Korean stop consonants in child speech, and to provide further evidence as to age and sex differences in stop consonants among children.
VOT and vowel-onset f 0 of stop consonants in Korean
In their pioneering cross-linguistic study of VOT, Lisker and Abramson (1964) found values of the Korean fortis, lenis, and aspirated stops in word-initial position, averaged across the three places of articulation, to be 12ms, 30ms, 104ms, respectively. Cho et al. (2002) examined 4 Korean speakers with a mean age of over 40 years and found a similar pattern: shortest for the fortis (20ms), intermediate for the lenis (70ms), and longest for the aspirated (120ms). However, recent studies involving younger speakers arrive at a different result for Korean VOT values in the lenis and aspirated series. Kang and Guion (2006) examined 10 native speakers of Korean with a mean age of 25 years and found VOT values for fortis, lenis, and aspirated stops, averaged again across the three places of articulation, to be 11ms, 63ms, 68ms, respectively. Thus, the VOT values of lenis and aspirated stops for these younger Koreans are very close to each other, unlike the sharply distinct lenis and aspirated stop values for the older speakers reported in previous studies.
With similar findings among young Korean speakers, Silva (2006) argued that the phonetic implementation of fortis, lenis, and aspirated stops has been changing over the past two generations. In particular, the basic phonetic manifestation distinguishing lenis from aspirated stops has shifted from VOT to vowel-onset f 0 . As previously mentioned, vowel-onset f 0 is known to be an im-portant acoustic cue in distinguishing Korean stops, from which the relative tension and stiffness of the vocal folds in stop production can be inferred (Cho et al., 2002) . Previous studies have reported that vowel-onset f 0 after aspirated and fortis stops is significantly higher than after lenis stops (e.g., Han & Weitzman, 1970; Hardcastle, 1973; Kagaya, 1974 , Cho et al., 2002 Silva, 2006) , and that vowel-onset f 0 does not differ significantly between aspirated and fortis stops (Cho et al., 2002) , although some studies have also reported that f 0 following aspirated stops was significantly higher than following fortis stops (e.g., Han, 1998) .
With respect to place of articulation in stop consonants, Lisker and Abramson (1964) found that VOT in Korean is shortest for bilabial place, intermediate for coronal place, and longest for velar place. Hardcastle (1973) , conversely, reported shortest VOT for alveolar place, intermediate for bilabial place, longest for velar place. Cho et al. (2002) also found longest VOT in velars, but registered no significant difference between bilabials and alveolars. The findings thus agree that VOT for velars is longest among the three places, whereas the difference between bilabials and alveolars appears to vacillate.
VOT by age and sex
Previous literature on VOT in children younger than 2 years of age has reported several age-correlated changes (Kewley-Port & Preston, 1974; . According to Macken and Barton (1980) , VOT differentiation develops in three stages, at least in the acquisition of English. First, children do not produce any distinction in term of VOT for the traditional voiced and voiceless or (lenis and aspirated) contrasts. Second, a VOT production distinction can be identified acoustically, but this is not recognized on the part of adults, a phenomenon called 'covert contrast.' That is, the acoustic difference in VOT between the two stop types as produced by the children is significant, yet falls within just one adult perceptual category (Edwards et al., 1997) . Third, children overshoot the adult values, producing aspirated stops with considerably longer VOT lag than do adults, then gradually draw these back toward the adult values.
The development of VOT values during the pre-adolescent period, unlike in infancy, has not been reviewed and reported consistently: one group of studies found developmental differences while another group did not. Thus, Zlatin and Koenigshnecht (1976) reported significant differences among 2 and 6 year-old children and adults in that children produced shorter positive VOT delay for phonemically voiceless or aspirated stops than did adult speakers. But Barton and Macken (1980) found that 4 year-old English-learning children produced longer VOT delay for aspirated stops than adults.
Conversely, Smith (1978b) found that VOT values were not significantly different among three age-defined groups of 2 and 4 year-old children and adults. Similar results were found by Koenig (2001) , who examined VOT in voiceless stop productions by English-speaking 5 year-old children and adults, and by Nittrouer (1993) , who found no overall age effect on VOT among children at 3, 5 and 7 years as compared with adults, indicating that the durations were generally the same across groups. Similarly, Sweeting and Baken (1982) examined VOT in two adult age groups (25-39 years and 65-74 years) and found no significant age effect on VOT.
The results of VOT studies with respect to sex differences are also inconsistent, the most relevant of which were conducted with adult speakers. Thus, Smith (1978a) found that English-speaking adult males produced longer VOT lag than females, whereas Swartz (1992) found longer VOT delay in /t/ and /d/ for female adult English-speakers than for males; similarly, Whiteside and Irving (1997) found longer VOT lag among female than male speakers. Ryalls, Zipprer, and Baldauff (1997) examined both Caucasian and African-American male and female speakers, finding, too, that female speakers produced longer VOT delay than male speakers in both races. On the other hand, Sweeting and Baken (1982) did not find any significant differences between male and female speakers when they examined the VOT values of the /b/-/p/ contrast. Silva (2006) also did not find any sex difference among Korean adults.
Only one study, to our knowledge, examines sex differences in VOT during the pre-adolescent period. Specifically, Whiteside and Marshall (2001) measured VOT in /b, p, d, t/ for English-speaking children at 7, 9, and 11 years of age (5 in each group). They found that VOT values were different in children between 7 and 9 years of age and between 9 and 11 years of age, but at 7 and 11 years of age the values were similar to each other, suggesting that VOT values increased between 7 and 9 years and then decreased between age 9 and 11. Whiteside and Marshall also found a sex-linked difference pattern at age 11 in that girls show a more prominent voiced/voiceless contrast than boys. According to Whiteside and Marshall, VOT at around 9 years of age differs from the other age ranges due to the rapid change of f 0 in boys at around 7-8 years; however, previous work reports a rapid decline in f 0 only after 12 years of age (Lee et al., 1999) . Thus, it is not clear whether the longer VOT delay among boys at 9 years of age correlates with change in f 0 .
VOT and vowel-onset f 0 of stop consonants in Korean children
Han (1998) examined VOT and vowel-onset f 0 in 4 Korean adults and 8 Korean children at 10 years of age, both in isolated words and in sentence contexts. VOT was significantly different among the three stop categories in both contexts for adults, with the mean values of aspirated stops the highest, followed by lenis and fortis. The adult VOT pattern was also observed in child stop productions for isolated words, but was not clearly distinguished in the sentence context. Some children showed similar values for lenis and aspirated stops while other children produced longer VOT lag for lenis than for aspirated. In terms of vowel-onset f 0 , the adult values were highest for aspirated, intermediate for lenis, and lowest for fortis stops in both isolation and sentence contexts, although there were a few exceptions. For children, the same pattern was found for words in isolation, but not in the sentence context, where vowel-onset f 0 was similar between aspirated and fortis stops.
In a parallel vein, Kim (1999) investigated VOT patterns for 5 Korean adults and 4 children aged 5 to 7 years (two males and two females per group). While adult speakers distinguished VOT among the three stop contrasts, children overlapped VOT values between lenis and aspirated stops, in both types approximating that of adults for aspirated stops. Kim argued that, for children, the phonemic contrast between lenis and aspirated stops in both word-initial and intervocalic positions cannot be characterized by VOT differences. Instead, other acoustic parameters, viz., stop closure duration (for fortis vs. lenis and aspirated) and harmonic amplitude (for lenis vs. fortis and aspirated) were concluded to be the main distinguishers.
Determinants of f 0 in children
Fundamental frequency or f 0 , the rate of vocal fold vibration, is inversely proportional to the mass and length of the vocal folds. Thus, as age increases, f 0 decreases due to increased mass and length of the vocal folds. This interconnectedness of physiological and acoustic development has been reported consistently in previous studies of both English-speaking and Korean-speaking children (Hasek et al., 1980; Bennett, 1983; Lee et al., 1999; Lee & Iverson, in press ). In terms of f 0 comparisons between the sexes, however, some researchers found no difference during the pre-adolescent period (Bennett, 1983; Lee et al., 1999; Lee & Iverson, in press ), while others reported that boys produced lower f 0 than girls (Hasek et al., 1980; Whiteside & Hodgson, 2000) . The discrepancy is likely due to variation in the age at which sex-related differentiation occurs varies, though most studies report that f 0 differences between sexes appear at approximately 7-8 years of age. In the study described below, vowel-onset f 0 as well as vowel-middle f 0 will be reported, as both of these measurements bear on the development of phonemic distinctions among stops and differentiation according to maturation and sex.
METHODS

Participants
A total of thirty Korean children living in Seoul, Korea participated in this study. Fifteen (7 boys and 8 girls) within each group were 10 years of age and the other fifteen (7 boys and 8 girls) were 5 years of age. All participating children had no history of speech or hearing impairment and were from families where standard Korean (Seoul dialect) was spoken at home.
Data Collection & Analysis
Speech production recordings were made at schools or preschools in a quiet room. The same procedures were employed for all children. A digital flash recorder (Marantz Model PMD670) was connected to a stand-mounted omnidirectional dynamic microphone (Electro-Voice 635A/B) positioned on a table.
Speech was recorded at a sampling rate of 44.1 kHz. The children sat at the table and spoke the test items; the distance between the subject and microphone was around 20cm. Nine picture cards without written letters were shown in a random order to elicit the Korean stop consonants in isolation. The nine cards included pictures for pal 'foot,' phal 'arm,' ppalgang 'red,' tali 'leg,' thaco 'ostrich,' ttalgi 'strawberry,' kabang 'bag,' khal 'knife,' kkamang 'black'. No modelling was necessary because these words were easy enough for 5 year-old children. The children were asked to repeat each test item three times. The best two (generally the first and second) out of the three productions of each vowel for each subject were chosen for the average data set because some children in the younger group tended to produce the third repetition either weakly or with excessive loudness. The children were also asked to produce the vowel /i/ three times in order to compare with vowel-onset f 0 of /a/ in investigating the pitch effects of stop production. To elicit the sound /i/ without influence of a preceding consonant, picture cards portraying the word eat for English and i 'tooth' for Korean were used.
Computerized Speech Lab (CSL, model 4300, Kay Elemetrics) software was used to analyse the recordings. VOT values were measured from the beginning of stop release to the onset of voicing in the vowel /a/ using both waveforms and wide-band spectrograms. Fundamental frequency for stop consonants was measured at the onset of the vowel /a/, seen in the first harmonic values from an FFT with a 25ms window. From the f 0 differences, tension and stiffness of the vocal folds for stop production can be inferred (Cho et al., 2002) . In addition, f 0 was measured at the middle of the vowel /i/. For reliability, measurements of selected tokens (20%) were made independently by another phonetician; there was less than 5% disagreement. Any systematic errors were immediately corrected after discussion.
RESULTS
Two mixed ANOVAs (Analysis of Variance) were conducted for VOT and vowel-onset f 0 . Age and sex were the between-subject variables and consonantal place and stop manner category were the within-subject variables. In addition, an ANOVA was made separately for f 0 at the middle of the vowel /i/. The alpha level was set at 0.05 for the statistical tests.
VOT
Figures 1 through 3 show mean and standard deviations of VOT for each consonantal place of articulation. The ANOVA indicated no significant differences in age (F (1, 26) = 0.68, p = 0.417) and sex (F (1, 26) = 3.72, p = 0.065). However, the age * sex interaction effect was significant (F (1, 26) = 4.92, p = 0.036).
VOT was significantly different in terms of the three consonantal places (bilabial, alveolar, velar) (F (2, 52) = 20.43, p < 0.001) and stop manner categories (lenis, aspirated, and fortis) (F (2, 52) = 477.20, p < 0.001) as well as for manner category * sex interaction (F (2, 52) = 3.47, p = 0.038). Interactions for other comparisons were not significant. Pair-wise post hoc comparisons indicated that VOT was similar between the bilabial and alveolar places (p = 0.574), but significantly different between bilabial and velar and between alveolar and velar places (p < 0.001 for each comparison). Also, boys and girls differed in aspirated stops (p = 0.003), but not in lenis (p = 0.568) and fortis stops (p = 0.637). Boys produced significantly longer VOT than girls. Finally, both boys and girls produced the three stop manner categories distinctively, with VOT values for lenis, fortis, and aspirated stops different from each other in both groups (p < 0.006 for each comparison).
Relative VOT differences between each of the pairs in the three stop manner categories (i.e., the mean VOT difference between aspirated and lenis, between aspirated and fortis, and between fortis and lenis) were compared between boys and girls across the two ages. The ANOVA revealed significant main effects of sex (F (1, 28) = 6.45, p = 0.017) and stop category (F (2, 56) = 166.64, p < 0.001). No interaction of stop category * sex was found, however (F (2, 52) = 1.26, p = 0.29). As can be seen in Figure 4 , VOT differences for aspirated-lenis and aspi- rated-fortis were significantly different between sexes (p < .05), with boys producing longer VOT lag for aspirated stops. However, the VOT difference between fortis-lenis stops was similar between boys and girls (p = 0.71).
Fundamental frequency of the vowel /i/
As a baseline for comparison in the evaluation of vowel-onset f 0 in sequences of stop followed by /a/, we identified the value of f 0 outside of this environment, according to both age and sex. For this, f 0 measurements were obtained at the middle of the vowel /i/ in a context not preceded by a consonant. The means and standard deviations for the four groups are shown in Figure 5 . The ANOVA indicates no significant main effect on sex (F (1, 26) = 0.320, p = 0.576) or age * sex interaction (F (1, 26) = 0.868, p = 0.36). Boys and girls were not significantly different. As expected, however, the main effect on age was significant (F (1, 26) = 11.61, p = 0.002) inasmuch as 5 year-old children produced higher f 0 than 10 year-old children. This similarity across sex in vowel-middle f 0 suggests that differences in vowel-onset f 0 between sexes are due to behavioral characteristics rather than to anatomical (laryngeal) differences. 
Vowel-onset fundamental frequency
The ANOVA indicates that vowel-onset f 0 was significantly different between ages (F (1, 26) = 48.97, p < 0.001) and sexes (F (1, 26) = 18.58, p < 0.001). However, the age * sex interaction effect was not significant (F (1, 26) = 0.004, p = 0.949). As expected, vowel-onset f 0 for 5 year-old children was higher than that for 10 year-old children. Unlike vowel-middle f 0 in the vowel /i/, vowel-onset f 0 for girls was higher than that for boys.
Vowel-onset f 0 was also significantly different in terms of the three stop manner categories (F (2, 52) = 101.92, p < 0.001); however, it was similar among the three consonantal places (F (2, 52) = 0.795, p = 0.45). Figure 6 shows mean and standard deviations of vowel-onset f 0 for each stop manner category for each group, with the values averaged across consonantal place.
The analysis also revealed interactions of stop manner category * sex (F (2, 52) = 5.17, p = 0.009) and stop manner category * age (F (2, 52) = 4.51, p = 0.016). Pair-wise post hoc comparisons indicated that the three stop types were different from each other for both boys and girls (p < 0.001 for each comparison except the aspirated-fortis comparison, p = 0.026). Vowel-onset f 0 values were significantly different between sexes for all stop manner categories (p < 0.008 for each comparison). Girls produced consistently higher vowel-onset f 0 than boys for lenis, fortis, and aspirated stop consonants.
Similar to VOT, relative vowel-onset f 0 differences between the stop manner categories were compared for boys versus girls after across the two ages. The ANOVA revealed significant main effects of stop manner category (F (2, 52) = 24.87, p < 0.001) and sex (F (1, 28) = 4.22, p < 0.05) as well as an interaction effect of stop category * sex (F (2, 52) = 4.68, p = 0.011). As can be seen in Figure 7 , the vowel-onset f 0 differences for aspirated-lenis and aspirated-fortis were significantly different between sexes (p < 0.05), although the difference between fortis-lenis was not significant between boys and girls (p = 0.623). These results indicate that the degree of tenseness and stiffness of the vocal folds is greater for girls as compared to boys when producing Korean stop consonants.
DISCUSSION
The purpose of this study was to examine the VOT and vowel-onset f 0 characteristics of stop consonants in Korean children as functions of age, sex, place of articulation, and laryngeal manner category. The study found that VOT was similar with respect to age, but differed in terms of place of articulation and manner category. In particular, VOT lag in aspirated stops was longer for boys than for girls. Vowel-onset f was similar among the three places of articulation, but differed in terms of age, sex and manner categories. Relative to boys, girls increase the stiffness and tenseness of their vocal folds in vowels following stop consonants.
VOT
The mean VOT values averaged across the three places of articulation for Korean children were 74ms for lenis, 88ms for aspirated, and 18ms for fortis. Compared to adult values cited in previous studies (Lisker & Abramson, 1967; Cho et al., 2002; Kang & Guion, 2006) , VOT values for lenis and fortis stops are longer, but values for aspirated stops fall between those reported by Lisker & Abramson and Kang & Guion. In other words, VOT lag in aspirated stops for Korean children is shorter than that of Korean adults, as reported by Lisker and Abramson and Cho et al., but longer than that reported by Kang & Guion. This difference correlates with the time at which, and from whom, the Korean stop consonant data were collected. Lisker and Abramson reported VOT values over four decades ago. Participants in Cho et al. were over 40 years of age, but those in Kang and Guion were in their mid-20s. As Silva reported, VOT for the aspirated stop series has become shorter among young Korean speakers. Thus, it seems that, in comparison to contemporary Korean, Korean children in general produce longer VOT values for all three stop manner categories than Korean young adults.
The results of this study are consistent with a previous finding that VOT values of 5-7 year-old children are longer than those of adults (Kim, 1999) as well as with reports that VOT values of 4 year-old English-speaking children are not completely adult-like (Kewley-Port & Preston, 1974; . Because the present investigation did not find different VOT values between 5 and 10 year-old children, parallel to previous studies (Smith, 1978b; Koening, 2001; Nittrouser, 1993) , it would seem that VOT parameters among Korean children are not fully established until 10 years of age. At the same time, the current study did not directly compare the VOT values of Korean children with those of Korean adults. Further work is necessary in order to determine whether VOT values among Korean children are similar to or different from Korean adults, and, if different, to establish the point in development at which stop productions attain adult-like values with respect to VOT.
The study also found that VOT values of Korean children were contrastive among lenis, aspirated, and fortis stops, consistent with Han (1998) . However, these results conflict with the findings of Kim (1999) . This discrepancy can be attributed to different methodologies inasmuch as the present study measured stop consonants in isolated words while Kim used a carrier sentence. When Han examined stops both in isolation and within a sentence, VOT values among three stop categories differed more in isolation than in the carrier sentence context, too.
The results of the present study thus do not support extension to children of Silva's claim that VOT no longer discriminates the Korean three way-contrasts. In isolation, at least, Korean children still use temporal coordination between supralaryngeal and laryngeal gestures to distinguish the three stop categories. Although the VOT values for lenis and aspirated do come close to each other (See Figure 1-3) , these do not overlap as previous studies have observed for contemporary young adult speakers (Silva, 2006; Kang & Guion, 2006) . For example, mean VOT values across three places for lenis and aspirated were 74ms and 88ms for children, respectively, versus 63ms and 68ms, respectively, for adults. Since this study did not examine VOT values in child-parent pairs, it is not known whether VOT values between lenis and aspirated in children are influenced by their parents. If the parents of these children were not in their mid-20s, as seems likely, the parents may still maintain the traditional VOT values. Further studies should examine VOT in child-parent pairing to establish whether child VOT values will change as contemporary young adult Korean becomes the dominant input.
In terms of place of articulation, Korean children did not show different VOT values between bilabial and alveolar places of articulation; however, as among adults, VOT lag in velar place was significantly longer than in the other places of articulation. These findings suggest that Korean children as young as 5 years already acquire adult-like VOT distinctions among the three places of articulation.
Vowel-onset f 0
The results of this study are consistent with previous findings that vowel-onset f 0 serves as an acoustic cue to distinguish Korean stop manner contrasts, but not to distinguish place of articulation (Cho et al., 2002; Silva, 2006) . Vowel-onset f 0 for the aspirated stop series was highest, intermediate for fortis, and lowest for lenis. Unlike adult productions, in which vowel-onset f 0 does not differ appreciably between fortis and aspirated (although some studies have reported differences), f 0 between these was significantly different in Korean children. Inasmuch as their VOT values across the three manner categories are also distinct, it appears that children use both VOT and vowel-onset f 0 differences to maximize contrasts in the acquisition of Korean stop phonemes.
VOT and vowel-onset f 0 between boys and girls
Boys and girls used different strategies in stop production: boys showed longer VOT lag for aspirated stops than girls, but not for lenis and fortis. On the other hand, girls used higher f 0 at vowel-onset in production of all three manner types. These results are similar to the findings for one age group in the investigation of English-speaking children conducted by Whiteside and Marshall (2001) , who reported that 9 year-old boys produced longer VOT than age-equivalent girls. However, the present study discords with their report that girls in the 11 years of age group produced longer VOT than boys. According to Whiteside and Marshall, VOT at around 9 years of age differs from the other age ranges due to a rapid change of f 0 in boys at around 7-8 years: "…the sudden changes in male f 0 may be accompanied by changes in temporal features of speech, for example, in VOT (p. 207) ." But we found no difference in f 0 between boys and girls at 10 years of age, and, as previous work reports a rapid f 0 decline starting at 12 years of age (Lee et al., 1999) , it is open to question whether the longer VOT of boys at 9 years correlates with maturational change in f 0 .
This study also examined both general f 0 and vowel-onset f 0 . Because f 0 is subject to intrinsic, physiology-based variation between the sexes, perhaps even at these age groups, it could be that the observed inter-sex f 0 differences in stop production reported in this study are due to physiological rather than behavioural differences. As a check on this possibility, additional measurements of f 0 were made with the vowel /i/, which is less susceptible than /a/ to pitch manipulation and to individual variation. Comparison of vowel-middle f 0 of /i/ between boys and girls showed no significant difference, parallel to the findings of a previous developmental analysis of Korean vowels (Lee & Iverson, in press ), indicating that the vowel-onset variation between sexes at these age points is not based on differences in physiology.
The present study thus suggests that, in their production of Korean stop consonants, boys and girls adjust f 0 in the following vowel differentially. Specifically, girls increase vocal fold tenseness and stiffness more than boys at the beginning of the vowel /a/ after stop consonants. In Korean, then, values of f 0 as well as VOT are used to underscore sex differences between boys and girls, whereas in English, sex differences may be reflected only in VOT.
CONCLUSIONS
Two developmental properties of Korean stop consonant production, VOT and f 0 , were investigated as functions of age, sex, laryngeal manner category and place of articulation. A relatively larger number of subjects was employed as compared to previous studies, thus contributing toward creation of a base of normative data relating to Korean stop development. Results revealed that Korean boys and girls acquire adult-like stop contrasts as early as 5 years of age in that VOT and vowel-onset f 0 were found to be distinctive among the three manner categories. VOT values of children, however, were greater than those of adults, suggesting that child stop consonant production is not fully established in the manner of adults. The recently reported trend among younger adults toward less distinctive VOT values between lenis and aspirated stops was also manifested in child productions, though children still used VOT as an acoustic cue to distinguish the three stop types. Finally, a prominent sex-related difference in stop production emerged to the effect that boys rely more heavily on temporal coordination (VOT), girls on laryngeal mechanisms (vowel-onset f 0 ). As reported sex-based variation in English-speaking children shows chiefly VOT differentiation, this study implies that relevant acoustic properties should be investigated cross-linguistically, with balanced sampling between boys and girls.
Further studies are also needed to examine developmental characteristics beyond these age ranges. Moreover, because Korean stops are marked by multiple acoustic factors, additional variables, such as duration of stop closure, stop burst, H1-H2 (cf. Cho et al., 2002) , in addition to VOT and f 0 , should be investigated. It is our hope that the present study will serve as a reference for future research on the development of stop consonants in Korean as well as other languages.
